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RNA Editing Generates a Diverse Array
of Transcripts Encoding Squid Kv2 K1 Channels
with Altered Functional Properties
D. Earl Patton,*² Tania Silva,* slower kinetics than squid axon delayed rectifier K1 con-
ductance and showed a multiplicity of variants that wereand Francisco Bezanilla²
found to be the result of RNA editing.Departments of Physiology and Anesthesiology
A critical goal in understanding the operation of volt-University of California School of Medicine
age-gated ion channels is thecorrelation between struc-Los Angeles, California 90095
ture and function. Many electrophysiological properties
of K1 channels, such as voltage-dependent gating, slow
inactivation, and ion conduction, can be altered bySummary
amino acid substitutions in specific regions of the de-
duced primary sequence. A functional K1 channel is aWe have cloned a Kv2 potassium channel from squid
tetramer (MacKinnon, 1991). Each subunit is thought tooptic lobe termed sqKv2. Multiple overlapping sqKv2
have six membrane-spanning segments (S1±S6), withcDNA clones differed from one another at specific
the amino- and carboxy-termini located intracellularlypositions by purine transitions. To test whether the
(Durell and Guy, 1992; Shih and Goldin, 1997). The pep-purine transitions were generated by RNA editing, we
tide segment between S5 and S6, termed the pore orcompared a 360 nucleotide genomic sequence with
ªPº region, is thought tocontribute to the ion conductioncorresponding cDNA sequences (encoding S4±S6)
pathway (MacKinnon and Yellen, 1990; Yellen et al.,isolated from individual animals and lying on a single
1991). The S4 segment forms a major part of the chan-gene and exon. cDNA sequences differed from geno-
nel's ªvoltage sensorº (Aggarwal and MacKinnon, 1996;mic sequence at 17 positions, resulting in 28 unique
Seoh et al., 1996). The hallmark of the highly conservedsequences. There was invariantly an adenosine in the
S4 motif is positively charged amino acids spaced everygenomic sequence and a guanosine in the edited
third residue (Noda et al., 1984). The S6 segment (HoshicDNA sequences. Two of the edits altered the rates
et al., 1991), as well as the pore region (de Biasi et al.,of channel closure and slow inactivation. These results
1993; Lopez-Barneo et al., 1993), have been shown toextend selective RNA editing to invertebrate taxa and
be involved in slow inactivation of K1 channels.represents a novel mechanism for the posttranscrip-
Functional properties of ion channels can be modifiedtional modulation of voltage-gated ion channels.
by changes in the primary sequence as a result of post-
transcriptional modifications. Alternative splicing hasIntroduction
previously been shown to modulate the functional prop-
erties of Shaker voltage-gated K1 channels (Iverson etVoltage-gated ion channels play a crucial role in the
al., 1988; Timpe et al., 1988). RNA editing by adenosinegeneration and propagation of action potentials in elec-
deamination is another posttranscriptional mechanismtrically excitable cells. The pioneering work of Hodgkin
by which some mammalian transcripts are modified inand Huxley (1952) established the existence of sodium
such a way as to alter their function (Simpson and Eme-
and potassium conductances in squid giant axon and
son, 1996). RNA editing by adenosine deamination has
accurately defined their roles in the generation of the
been shown to occur on transcripts encoding a-amino-
action potential. Recent advances in recombinant DNA
3-hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA)
techniques have enabled investigators to deduce the
(Melcher et al., 1995; Rueter et al., 1995; Yang et al.,
primary amino acid sequences of a variety of voltage-
1995) and the high-affinity kainate (Herb et al., 1996)
gated ion channels, including an extensive number of
subtypes of the ionotropic glutamate receptors, seroto-
voltage-gated K1 channels (see Chandy and Gutman, nin 2C receptors (Burns et al., 1997) and the hepatitis
1995). Although there has been extensive electrophysio-
delta virus antigenome (Polson et al., 1996).
logical characterization of voltage-gated K1 channels in
The best-characterized example of RNA editing by
squid (e.g., White and Bezanilla, 1985; Llano and Book-
adenosine deamination occurs on transcripts encoding
man, 1986; Llano et al., 1988), molecular biological char- the AMPA GluR-B subtype of the ionotropic glutamate
acterization of squid K1 channels has not come about receptor. cDNAs encoding GluR-B can have guanosine
until recently. The cloning and functional expression of residues at certain positions where adenosine residues
a Kv1 K1 channel (sqKv1A) from the squid giant fiber are found invariantly in the corresponding genomic
lobe has only been recently reported (Rosenthal et al., DNAs. Two examples of this include the codons CAG
1996). The present work to clone a squid Kv2 homolog (Q/R site) and AGA (R/G site) in the genomic DNA that
was initiated because many of the electrophysiological can appear as CGG and GGA, respectively, in the cDNAs
characteristics of cloned Kv2 channels (Frech et al., (Sommer et al., 1991). Both of these editing events have
1989; Pak et al., 1991) are similar to the main delayed been shown to have significant effects on the biophysi-
rectifier K1 conductance of squid axon (Hodgkin and cal properties of glutamate receptor channels (KoÈ hler
Huxley, 1952). We report here the cloning and functional et al., 1993; Lomeli et al., 1994).
expression of a squid Kv2 channel, sqKv2, that had Selective RNA editing events have thus far only been
reported to occur on transcripts in mammalian organ-
isms. In addition, the number of editing sites appears*These authors contributed equally to the experiments performed
to be quite restricted in these reported examples. In thishere.
²To whom correspondence should be addressed. paper, we show that transcripts encoding the squid Kv2
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Figure 1. Sequence of the sqKv2 K1 Channel
Nucleotide and deduced amino acid se-
quence of sqKv2. Purine residues at positions
thought to be edited are in boldface. Amino
acids that can vary between cDNA clones are
circled. Consensus protein kinase C sites are
marked by closed circles, and consensus
protein kinase A sites are marked with closed
squares. The consensus N-glycosylation site
is marked by an open square. Putative trans-
membrane segments and the pore region (P)
are indicated with boxes. sqKv2i contains a
glycine at position 274.
K1 channel are modified posttranscriptionally by RNA partial cDNA clones that together form a full-length Kv2
K1 channel were isolated (see Figure 1). This full-lengthediting at numerous positions and that some of these
editing events modulate the functional properties of the construct is termed sqKv2i. The full-length sqKv2i cDNA
has an open reading frame of 2724 nucleotides, encod-channel.
ing a protein of 908 amino acid residues. sqKv2i is ho-
mologous to other Kv2 K1 channels, being most similarResults
to the Aplysia Kv2 (Quattrocki et al., 1994). There were,
however, several important differences between sqKv2isqKv2 Encodes a Delayed Rectifier K1 Channel
We set out to clone a squid Kv2 homolog by screening and all other Kv2 K1 channel sequences reported to
date. sqKv2i encodes an arginine at amino acid positionseveral squid optic lobecDNA libraries. Two overlapping
RNA Editing of Squid K1 Channel Transcripts
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Figure 2. Partial cDNA Clones Encoding
sqKv2 Differ from One Another at Specific
Positions by Purine Transitions That Change
the Encoded Amino Acid
Sequence comparisons of sqKv2 partial cDNA
clones isolated from a squid optic lobe li-
brary.
(A) Nucleotide sequences encoding the car-
boxy-terminal portion of the sqKv2 core re-
gion. Positions where the nucleotide differed
between different clones are shown in bold-
face. Only the 39 portion of sq33, which over-
laps with sq7, is shown. The numbering is
relative to the adenosine in the initiating me-
thionine codon.
(B) Deduced amino acid sequences of the
clones shown in (A). Positions where the de-
duced amino acid sequence differs between
clones are shown in boldface. The numbering
is relative to the initiating methionine.
489, located at the amino-terminal end of the S4 seg- sequences overlap the sq33 sequence by 6 bp. sq33
together with any of the 39 clones encode completement in sqKv2i. All other Kv2 sequences encode a gluta-
mine at this equivalent position (Baro et al., 1994; open reading frames. Reverse transcription±polymerase
chain reaction (RT±PCR) analysis using a primer pairChandy and Gutman, 1995; Burger and Ribera, 1996).
Position 489 in sqKv2i is three residues in the amino- complementary to the regions 59 and 39 of the ªcore
sequenceº (defined here as the sequence encoding S1terminal direction relative to the first arginine in the S4
segments of other Kv2 channels. Thus, the S4 signature through S6) resulted in a product of the expected size,
indicating that the core sequence deduced from sq33motif in sqKv2i is extended by an extra charge.
Another important difference between sqKv2i and ev- and sq7, 1, or 18 is contiguous in the mRNA. sqKv2i
was constructed using the sq33 and sq7 cDNA clones.ery other voltage-gated K1 channel isolated thus far is
the amino acid present in position 274. sqKv2i encodes
a glycine residue in this position, whereas the other
channels, with the exception of rKv4.2 (Roberds and Functional Expression of sqKv2
The injection of cRNA transcribed from the sqKv2i ex-Tamkun, 1991; Baldwin et al., 1991), encode a glutamate
(Chandy and Gutman, 1995). This position is at the be- pression construct into Xenopus oocytes only occasion-
ally led to detectable levels of expression of functionalginning of a highly conserved six amino acid sequence
(EYFFDR) (Chandy and Gutman, 1995), which lies within K1 channels (data not shown). Although the deduced
amino acid sequence of sq33 (from which the 59 portiona larger peptide segment thought to be important for
interaction between subunits (Li et al., 1992; Shen et al., of sqKv2i was constructed) predicted a glycine at posi-
tion 274, two other sqKv2 partial cDNA clones isolated1993; Shen and Pfaffinger, 1995).
Figure 2 shows a sequence alignment of four cDNA from the same cDNA library encoded glutamate at this
position (data not shown). In addition, the genomic se-clones isolated from a squid optic lobe library. One of
these clones, termed sq33, encodes the amino-terminal quence, determined by amplifying genomic DNA from
animal No. 2 (see below), encodes glutamate at positionportion of a Kv2 K1 channel. Clones sq1, sq7, and sq18
encode the carboxy-terminal portion of a Kv2 K1 chan- 274. In an attempt to increase functional expression,
G274 was mutated to glutamate. This construct, termednel, beginning in the middle of S4. The sq7 sequence
overlaps the sq33 sequence by 14 bp. The sq1 and sq18 sqKv2, exhibited a dramatic increase in expression level
Neuron
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Figure 3. Functional Expression of sqKv2
(A) Macroscopic ionic currents recorded from
Xenopus oocytes expressing sqKv2 using the
cut-open oocyte voltage clamp. The oocyte
was held at 290 mV and depolarized for 150
ms to potentials ranging from 260 to 170
mV in 5 mV increments. Every other trace is
shown. Linear leak and capacitive currents
were eliminated using the P/24 subtraction
procedure (Bezanilla and Armstrong, 1977).
(B) Conductance±voltage curve from data
shown in (A). Peak tail current amplitudes
were normalized and plotted as a function of
voltage. The data were fit with two Boltzmann
functions in parallel using the equation below:
G
Gmax
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11exp32Z1F(V2V1)RT 4
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a
11exp32Z2F(V2V2)RT 4
The line through the points represents the fit
to this data. The voltage-dependent gating
parameters for sqKv2, determined from
seven oocytes, are: Z1 5 1.5 6 0.1; Z2 5 4.6 6
0.6; V1 5 23.8 6 2.5 mV; V2 5 240 6 2 mV;
and a 5 0.69 6 .05.
(C) Representative single-channel current
through sqKv2. The patch was held at 2100
mV, depolarized to 150 mV, and then re-
turned to 2100 mV.
(D) Single-channel current±voltage relationships for sqKv2 (open circles) and rKv2.1 (open squares). sqKv2 symbols represent means from
current measurements taken from three to five patches, and error bars (smaller than symbols) represent SD. rKv2.1 symbols represent means
from single patches. Single-channel currents were recorded from cell-attached patches using 120 mM K1 in the pipette.
of a K1 conductance, confirming that the sqKv2 se- region at five positions by purine transitions (Figure 2A).
Strikingly, four of the five purine transitions change thequence indeed encodes a voltage-gated K1 channel.
The G274E substitution was subsequently included in amino acid encoded. Second, sq1, sq7, and sq18 se-
quences diverge from one another dramatically towardall sqKv2 expression constructs. sqKv2 cRNA led to the
expression of a K1 conductance in Xenopus oocytes the carboxy-terminus (Figure 2B). This divergence is
consistent with alternative splicing, as observed with(Figure 3A) with the general features of thesquid delayed
rectifier (Hodgkin and Huxley, 1952), but with slower Shaker K1 channel transcripts (Schwarz et al., 1988).
The purine transitions observed in the cDNAs encod-kinetics. The currents activated very slowly at voltages
near the threshold for activation and activate rapidly at ing the core region of sqKv2 are reminiscent of RNA
editing of the AMPA GluR-B receptor transcripts inmore depolarized potentials. The conductance±voltage
relationship (Figure 3B),obtained by plotting the normal- mammals (SoÈ mmer et al.,1991). Before the purine transi-
tions can be attributed to RNA editing, however, otherized tail current amplitudes as a function of voltage,
required two Boltzmann functions in parallel for a rea- possibilities must be considered. One possibility is that
there are multiple genes encoding sqKv2 that differ fromsonable fit. The parameters are shown in the legend to
Figure 3. Single-channel currents were recorded from one another in the core region by only a few nucleotides.
Similarly, there may be multiple exons encoding the corecell-attached patches on Xenopus oocytes expressing
either sqKv2 or its mammalian homolog, rKv2.1 (DRK1) region of sqKv2 that are alternatively spliced. A further
possibility is that the observed purine transitions are(Frech et al., 1989), using symmetrical 120 mM potas-
sium (Figure 3C). sqKv2 had a single-channel conduc- the result of allelic variation of Kv2 genes in wild squid
populations. We focused on the region of sqKv2 encod-tance of 30 pS at 0 mV, which was much larger than
that of rKv2.1, which displayed a single-channel conduc- ing S4 through S6 primarily for two reasons. The first is
that the discrepancies between the cDNA clones showntance of 17 pS. The single-channel current±voltage rela-
tionship for both channels rectifies mildly in the inward in Figure 2 occurred primarily in this region, and the
second reason is that many of the interesting functionaldirection (Figure 3D).
properties of K1 channels are affected by substitutions
in this region.sqKv2 Sequence Diversity
Although sq1, sq7, sq18, and sq33 all encode portions
of Kv2 channels, theirsequences differ from one another Sequence Diversity Is Not Generated by Multiple
sqKv2 Genes or Exonsin several important respects. First, although theirnucle-
otide sequences are nearly identical to one another in To determine whether multiple Kv2 genes or core exons
exist in the squid genome, we performed a Southernthe region encoding S4 through S6, they differ in this
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conserved restriction sites. This possibility was ex-
cluded by sequence analysis of PCR products obtained
by amplifying the sqKv2 core exon from genomic DNA
isolated from a single squid (animal No. 1). A total of 12
recombinants isolated from two independent amplifica-
tions of genomic DNA from animal No. 1 using Taq poly-
merase were sequenced between the regions encoding
S4 through S6. The sequences were essentially identical
to one another, with only 5 of the 12 recombinants dif-
fering from the consensus sequence by single nucleo-
tide changes. The discrepancies were all at different
positions, and none occurred at the putative editing
sites in Figure 2. This corresponds to an error rate for
the Taq polymerase of 4.4 3 1025 (Saiki et al., 1988),
consistent with previously reported misincorporation
rates for Taq polymerase (Eckert and Kunkel, 1990). Two
independent amplifications were also performed with
Pfu polymerase using genomic DNA isolated from a sec-
ond squid (animal No. 2). Three recombinants were se-
quenced and were identical to the consensus sequence
derived from animal No. 1 (Figure 5). The genomic se-
quence differed from the sqKv2 cDNA sequence by pu-
rine transitions at nine positions between S4 and S6.
There was an adenosine in the genomic DNA sequence
and a guanosine in the sqKv2 cDNA at all of these posi-
tions. With the exception of the nine purine transitions,
the genomic sequence corresponded exactly to the
sqKv2 cDNA sequence between S4 and S6. These re-
sults further support the contention that a single exon
encodes segments S4 through S6 of sqKv2.
Purine Transitions Reflect Diverse sqKv2
Transcripts in Individual Animals
Figure 4. sqKv2 Is Encoded by a Single Exon The cDNA clones shown in Figure 2 were isolated from
Southern blot of squid genomic DNA and sqKv2 cDNA probed with a cDNA library constructed using mRNA isolated from
an sqKv2 core region±specific probe. the optic lobes of many individual animals. Since the
(A) Restriction map of sqKv2 cDNA indicating restriction sites, the degree of polymorphism of the sqKv2 gene in wild squid
expected cDNA fragment sizes, and the probe used.
populations is unknown, it is possible that the observed(B) Lane 1: Genomic DNA digested with EcoRI; Lane 2: Genomic
differences between these clones is due to allelic varia-DNA digested with BamHI; Lane 3: Genomic DNA digested with both
tion. This possibility was tested by seeing whether pu-EcoRI and BamHI; Lane 4: sqKv2 full-length expression construct
digested with both EcoRI and BamHI. rine transitions in sqKv2 cDNA sequences exist within
an individual animal. mRNA isolated from the optic lobe
of a single animal was reverse transcribed and amplifiedblot analysis. Single bands of approximately 2.9 and 8
by PCR. For squid No. 1, two different primer pairs werekb were detected when squid genomic DNA was di-
used. One was the core exon±specific pair used for thegested with EcoRI or BamHI, respectively, and probed
amplification of the genomic DNA described above. Thewith the 389 bp EcoRI±XhoI fragment specific for the 39
other primer pair amplified a larger region of the tran-portion of the core region of sqKv2 (Figure 4B). The
script, which spanned several putative exon±introndetected genomic fragments were much larger than
would be predicted from the cDNA sequence (Figure boundaries. To ensure that sequence variation was not
due to random misincorporations by the polymerase or4A), indicating the presence of intervening sequences.
When the squid genomic DNA was cleaved with both reverse transcriptase, two independent amplifications
were performed with each primer set using cDNA syn-EcoRI and BamHI, a single band of z570 bp was de-
tected. This band was the same size as the band de- thesized in separate reverse transcription reactions. An
additional amplification reaction was performed ontected when a plasmid containing full-length sqKv2 was
digested with EcoRI and BamHI (Figure 4B), indicating a cDNA from animal No. 1 using Pfu polymerase. For squid
No. 2, two independent amplifications using Pfu poly-lack of intervening sequences between these restriction
sites. These results indicate that whether the genomic merase were performed using the primer pair that
spanned several exon±intron boundaries. The RT±PCRDNA is cleaved within the core exon, or beyond the
exon±intron junction, a single hybridizing fragment is products were subcloned and sequenced in the region
encoding S4 through S6. All of the cDNA sequencesdetected, consistent with the idea that the core region
of sqKv2 is encoded by a single exon. Although unlikely, differed from the genomic sequence derived from these
animals.it is possible that there are multiple sqKv2 isoform core
exons that differ from one another by only a few nucleo- Figure 5 shows the sqKv2 genomic sequence encod-
ing segments S4 through S6. The positions where cDNAtides, which are flanked by intervening sequences with
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Figure 5. sqKv2 cDNA Sequences Differ by Purine Transitions from the Genomic Sequence in Individual Animals
The sqKv2 genomic sequence encoding segments S4 through S6 is shown. The adenosines that are edited are indicated by boldface, and
the number above indicates the editing position. Codons in which the purine transition changed the genomically encoded amino acid are
boxed. The putative editing site at editing position 1 is circled. The genomically encoded amino acid followed by the amino acid encoded
when the position is edited are indicated below the genomic sequence. The percentage of cDNAs containing guanosines at these positions
for squids No. 1 and 2 is indicated. The absolute number of cDNAs containing guanosines at the edited positions over the total number of
cDNAs sequenced is shown in parentheses. The editing frequencies for silent edits are as follows: Position 2, No. 1: 12% (5/42), No. 2: 13%
(4/31); Position 4, No. 1: 2% (1/42), No. 2: 3% (1/31); Position 10, No. 1: 7% (3/41); Position 15, No. 2: 6% (3/31); and Position 17, No. 1: 5%
(2/42), No. 2: 6% (2/31).
sequences differed from the genomic sequence derived gene. To test whether the reverse transcriptase or the
from the same animal are indicated by boldface. The Pfu polymerase were introducing systematic misincor-
predicted amino acid change as well as the relative porations, cRNA transcribed from the genomic expres-
proportion of cDNA sequences that differed from the sion construct (sqKv2g, see Experimental Procedures)
genomic sequence at these positions are indicated be- was reverse transcribed and amplified by PCR using
low. To avoid counting random misincorporations by Pfu polymerase. The conditions were identical to those
the polymerase, differences from the genomic sequence used for squid mRNA. Fifteen subcloned PCR products
were only counted if they occurred at the same position were sequenced in the region spanning the P region to
in more than one independent amplification. All of the about 50 nucleotides past S6. All 15 sequences were
differences from the genomic sequence that occurred identical to the genomic sequence, indicating that nei-
in more than one independent amplification were purine ther the reverse transcriptase nor Pfu polymerase in-
transitions where an adenosine in the genomic DNA troduced systematic misincorporations when copying
showed up as a guanosine in the cDNA. The relative sqKv2. These results indicate that the purine transitions
proportion of cDNA sequences that differed from the observed in sequences derived from individual animals
genomic sequence at specific positions in these animals shown in Figure 5 reflect the sequences of the sqKv2
ranged from 100% to 3%, which was the lower limit of transcripts and are not artifacts of the RT or the PCR.
detection based on the number of sequences analyzed. Thus, we conclude that these purine transitions are gen-
Of the 17 positions where purine transitions from the erated by RNA editing.
genomic sequence were observed in this 360 bp seg-
ment of the sqKv2 gene, there were only 5 positions
Functional Effects of Editingwhere the transition did not change the genomically
To test whether the amino acid substitutions resultingencoded amino acid. There were 20 unique combina-
from RNA editing of sqKv2 transcripts have effects ontions of the purine transitions identified for animal No.
channel function, we electrophysiologically character-1 and 13 for animal No. 2, with a total of 28 unique
ized edits Y576C (pore region) and I597V (S6 segment)combinations for the two animals combined.
by individually incorporating the edits into the back-It is possible, although unlikely, that the purine transi-
ground of the sqKv2 genomic expression constructtions were due to systematic misincorporations by either
(sqKv2g). These two edits were chosen because thesethe reverse transcriptase or the polymerase during the
positions were edited at high frequencies. sqKv2g en-PCR. The amplification of genomic DNA described
codes a continuous open reading frame for the sqKv2above indicated that Taq polymerase did not make sys-
tematic misincorporations while copying the sqKv2 protein using sqKv2 genomic sequence from the middle
RNA Editing of Squid K1 Channel Transcripts
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for the two edited versions of sqKv2 did not differ signifi-
cantly from that determined for sqKv2g (data not
shown). However, the rate of channel closure upon repo-
larization was significantly affected by both substitu-
tions, as shown by changes in the tail current kinetics
(Figure 6A). The decay rate of the tail currents was char-
acterized by fitting the time course of the current tails
to a sum of 2 exponential functions, and Figure 6A shows
the voltage dependence of the predominant time con-
stant (Tau) in a semilogarithmic plot. The Y576C substi-
tution (open squares) slowed the rate of decay of the
tail currents by a factor of 2 relative to sqKv2g (closed
circles). Substitution I597V (open circles), on the other
hand, increased the rate of tail current decay by a factor
of 2.4 relative to sqKv2g. The voltage dependence of
the tail current decay, however, was not significantly
affected by either substitution.
sqKv2 channels undergo a slow inactivation process
(Ehrenstein and Gilbert, 1966), whereby the channels
enter a long-lived, nonconducting state during a sus-
tained depolarization. The rate of slow inactivation was
assessed by depolarizing the oocyte to various voltages
for 20 sand then fitting the decliningphase of thecurrent
with the sum of 2 or 3 exponential functions. Figure 6B
shows the slowest time constant (ts) plotted as a func-
tion of voltage. Contrary to what was found with the
Shaker K1 channel (Hoshi et al., 1991), ts in all three
sqKv2 variants showed a modest voltage dependence,
with ts increasing as the potential becamemore depolar-
ized. The Y576C substitution increased ts by an average
factor of 1.5 relative to sqKv2g over the voltage range
of 0 to 150 mV, whereas the I597V substitution de-
creased ts by an average factor of 1.5 over this voltage
range.
Figure 6. RNA Editing Alters the Gating Properties of sqKv2
DiscussionChannels
(A) Deactivation time constants (Tau) plotted as a function of voltage.
Similarity to Other Kv2 Channel SequencesCurrents were elicited by a 60 ms depolarizing pulse to 160 mV
from a holding potential of 290 mV followed by a 200 ms hyperpolar- We have cloned a Kv2 K1 channel from the squid optic
izing pulse to the indicated potential. The declining phase of the lobe, which is homologous to other members of the Kv2
tail currents was fit with a two exponential function. The fast time subfamily of voltage-gated K1 channels. sqKv2 shows
constant, which was predominant, isplotted as a functionof voltage.
more similarity to the invertebrate Kv2 channels com-Y576C, open squares; sqKv2g, closed circles; and I597V, open cir-
pared to the vertebrate Kv2 channels, being most similarcles. Symbols and error bars represent the means and SD, respec-
to the Aplysia Kv2 (Quattrocki et al., 1994). The deducedtively, obtained from three (sqKv2g and Y576C) or four (I597V) oo-
cytes. Lines through the data represent a first-order linear regression amino acid sequence of sqKv2 core shows 85% and
to the data. Inset: superimposed tail current traces from sqKv2 I597V 78% identity to apKv2 and the Drosophila Shab (Butler
and sqKv2g. et al., 1989) channels, respectively. This region of sqKv2
(B) Slow inactivation time constant (Tau slow) plotted as a function
shows 74% identity to the vertebrate Kv2 channels.of voltage. Currents were elicited by a 20 s depolarizing pulse to
the indicated voltage and were subtracted off line (see Experimental
Procedures). Tau slow was obtained by fitting the later part of the
current trace with a single exponential function. Symbols are the RNA Editing
same as in (A). Symbols and error bars represent the means and The most surprising finding that came from this study
SD, respectively, obtained from three to five (I597V), four (sqKv2g), was the remarkable diversity of sqKv2 sequences. PCR
or five (Y576C) oocytes. The straight line represents a first-order
experiments revealed a total of 17 positions betweenlinear regression to the data and is only meant to guide the eye.
the beginning of S4 through the end S6 where the cDNA
sequences differed from the genomic sequence derived
from the same animal. At all of these positions, there
was an adenosine in the genomic sequence and eitherof the S2 segment to 24 amino acid residues past the
end of S6. The channels were expressed in Xenopus adenosine or guanosine in the cDNA sequence. We pro-
pose that RNA editing by adenosine deamination bestoocytes, and ionic currents were recorded using the cut
open oocyte voltage clamp (Stefani et al., 1994). explains these results.
Although PCR is an inherently error prone process,The conductance±voltage relationships determined
Neuron
718
several lines of evidence argue that the purine transi- adenosines having A or U, respectively, as the 59 neigh-
tions were not an artifact of the amplification procedure. bor, whereas only 10% of the adenosines having G as
The four cDNA clones shown in Figure 2, which were the 59 neighbor were edited. None of the adenosines
isolated from a cDNA library, differed from one another having C as the 59 neighbor were edited. Since it is
at 4 of the 17 positions identified in the PCR experi- unknown at present which adenosines exist in double-
ments, indicating that at least at these 4 positions, purine stranded regions of the pre-mRNA, it is more informative
transitions were observed in DNA not subjected to PCR. to look at the 59 nearest neighbor preference with re-
Finally, control experiments showed that neither the re- spect to the editing frequency. The average editing fre-
verse transcriptase nor the polymerasesused in the PCR quency at editing positions having A or U as the 59
amplifications introduced systematic misincorporations neighbor was 25% and 17%, respectively, compared to
into the cDNA or the PCR products. These results argue 3% for the two editing sites having G as the 59 neighbor.
that the observed differences between the various These results again areconsistent with previously deter-
clones reflect diverse sqKv2 mRNA sequences. mined 59 neighbor preference of ADAR1 (Polson and
It is unlikely that the discrepancies between the four Bass, 1994) and further support our conclusion that the
cDNA clones shown in Figure 2 represent allelic varia- purine transitions observed between the sqKv2 genomic
tions between individual animals, as 4 of 5 of these and cDNAs were generated by RNA editing.
positions are among the 17 positions where purine tran- The four most frequently edited positions between S4
sitions were observed in cDNA clones from individual and S6 in sqKv2 appear not to be random with respect
animals. These results indicate that this diversity origi- to the nature of the amino acid change, as there is a
nates within individual animals. phylogenetic correlation between the genomically en-
Southern blot analysis shows that whether the squid coded amino acid and the amino acid encoded by the
genomic DNA is digested with restriction enzymes that edited mRNA. Figure 7 shows an alignment of the de-
cleave in the core exon, or beyond the intron±exon duced amino acid sequences for sqKv2 as well as amino
boundary, a single hybridizing band is detected by a acid sequences deduced from published Kv2 cDNA
sqKv2 core exon±specific probe (Figure 4). This is con- sequences cloned from other species. The 3 positions
sistent with there being a single gene or core exon en- edited most frequently in this region of sqKv2 are editing
coding sqKv2 in the squid. This conclusion is also sup- positions 3, 14, and 18, which were edited at frequencies
ported by the finding that amplification of the core exon
of 90% or greater in the two animals tested. The amino
from squid genomic DNA resulted in PCR products
acids encoded at these positions by the sqKv2 genomic
whose sequences were consistent with there being a
sequence are the same as those encoded by the verte-
single species of template. Although it is possible that
brate and Aplysia Kv2 cDNA sequences. When edited,
the core exon±specific primers only recognize one of
these sites in sqKv2 cDNAs encode the same amino acid
many possible sqKv2 core exons in the genomic DNA,
as the Drosophila cDNA sequence. This phylogeneticwhen cDNA was made from a single animal and ampli-
pattern is different at editing site 16, which was editedfied with the same primers, purine transitions were ob-
at frequencies of 23% and 29% in the two animalsserved at 10 of the 17 positions, indicating that this
tested. The genomic version of sqKv2 encodes serine,primer set can amplify sequences other than the one
and the edited version encodes glycine at this position.obtained from genomic DNA. These results indicate that
The Kv2 cDNAs cloned from Aplysia and lobster encodeit is highly unlikely that the purine transitions are due to
serine at this position, whereas the Kv2 cDNAs clonedeither multiple Kv2 genes or alternatively spliced sqKv2
from vertebrates encode glycine.core exons.
The substitutions at editing sites 14 and 16 are ofRNA editing of sqKv28 transcripts best explains the
particular interest because they involve nonconserva-discrepancies that we observed between the sqKv2 ge-
tive amino acid substitutions of tyrosine to cysteine andnomic DNA sequence and the corresponding cDNA se-
serine to glycine, respectively. It is striking that the samequences. Whenever there was a discrepancy between
two nonconservative amino acids observed in the geno-the sqKv2 genomic and cDNA sequences, there was
mic and edited sqKv2 sequences are also the same twoalways an adenosine in the genomic sequence and a
amino acids predominantly encoded at these positionsguanosine in the cDNA sequence. This is also the case
in Kv2 cDNA sequences cloned from other species.for previously reported adenosine deamination RNA ed-
These phylogenetic correlations lend strong support toiting events on transcripts encoding subunits of the
the idea that both the positions and the nature of theAMPA (Melcher et al., 1995; Rueter et al., 1995; Yang et
amino acids encoded at the frequently edited sites areal., 1995) and kainate (Herb et al., 1996) subtypes of
maintained by natural selection.ionotropic glutamate receptors, the serotonin 2C recep-
The same two amino acids encoded at the four mosttor (Burns et al., 1997) and the hepatitis delta virus anti-
frequently edited positions between S4 and S6 in sqKv2genome (Polson et al., 1996).
are also the most commonly found amino acids at theseOne of the putative editing enzymes, ADAR1 (also
positions in Kv2 sequences cloned from other species,known as dsRAD and DRADA; Bass et al., 1997), has
indicating that these amino acids are well tolerated atbeen shown in vitro to have a 59 nearest neighbor prefer-
these positions. It is interesting to note that editing atence in the order of A5U.C.G with respect to the
any of the other editing positions does not convert theadenosines that it deaminates in double-stranded RNA
genomically encoded amino acid to one found at the(Polson and Bass, 1994). We observed a similar 59 near-
equivalent position in other species (Figure 7). Theseest neighbor preference with respect to the editing sites
positions are edited much less frequently than sites 3,that we characterized between S4 and S6 in sqKv2 tran-
scripts. Editing was observed at 16% and 46% of the 14, and 18, ranging from 3%±15% in the two animals
RNA Editing of Squid K1 Channel Transcripts
719
Figure 7. Kv2 Sequence Comparison
Sequence alignment of representative Kv2
deduced amino acid sequences encoding
segments S4 through S6. From top to bottom:
sqKv2 genomic sequence, sqKv2 sequence
with all of the observed editing sites edited,
sqKv2 sequence shown in Figure 1, Aplysia
Kv2 sequence (Quattrocki et al., 1994), Dro-
sophilaShab 11 sequence (Butler et al., 1989),
lobster Shab sequence (Baro et al., 1994),
Xenopus Kv2.1 sequence (Burger and Ribera,
1996), Xenopus Kv2.2 sequence (Burger and
Ribera, 1996), rat Kv2.1 sequence (Frech et
al., 1989), and the rat Kv2.2 sequence (Hwang
et al., 1992). Amino acid identities relative to
the sqKv2 genomically encoded sequence
are indicated by dashes. Putative transmem-
brane segments S4, S5, and S6 and the pore
segment (P) are indicated by the lines above
the sqKv2 genomic sequence. Nonsilent edit-
ing positions are numbered above.
tested compared to 90%±100% for sites 3, 14, and 18 CAA codon. This raises the possibility that the CGG
codon may have been generated by RNA editing. Onlyand 23%±29% for site 16. One possible explanation for
why RNA editing generates amino acid changes that one sqKv2 cDNA clone derived by PCR out of 72 cDNA
clones encoded an arginine codon at this positionare ªphylogenetically conservedº at the most frequently
edited sites, but not at the rare sites, involves the (CGA). Although this falls below our criteria to designate
nucleotide position 1466 an editing site, it does not rulemultimeric nature of voltage-gated K1 channels. A func-
tional K1 channel is composed of four polypeptide sub- out the possibility that a rare edit could be responsible
for the Q489R substitution at this position.units (MacKinnon, 1991). Binomial distribution theory
predicts that for a site edited at a frequency of 90%,
66% of the channels will contain four subunits edited Functional Implications of RNA Editing
at that site. Conversely, for a site edited at a frequency We have shown that RNA editing generates diverse tran-
of 10%, 65% of the channels will contain no subunits scripts encoding functionally diverse sqKv2 K1 chan-
edited at that site, and 29% of the channels will contain nels. In the 360 nucleotide segment of the sqKv2 tran-
only one subunit edited at that site. This argument as- script encoding S4 through S6, we identified a total of
sumes that editing at a particular site does not affect 17 editing sites, giving rise to 28 unique sqKv2 se-
the stability or the translation of the mRNA and that the quences. This is much more extensive than previously
subunits assemble randomly and are treated identically reported examples of RNA editing occurring in mamma-
by the cell (other caveats are detailed in the appendix lian systems (Melcher et al., 1995; Rueter et al., 1995;
of Taglialatela et al., 1994). Previous work has shown Yang et al., 1995; Herb et al., 1996; Polson et al., 1996;
that an amino acid substitution in a chimeric Kv2channel Burns et al., 1997). Since our analysis was restricted to
that results in nonfunctional channels when it is carried this small region of sqKv2, we suspect that the total
by all four subunits can be tolerated when the substitu- number of editing sites, and hence unique full-length
tion is carried by only one subunit (Taglialatela et al., sqKv2 transcripts generated by RNA editing, may be
1994). Thus, edits occurring at high frequencies need to much higher. RNA editing of sqKv2 transcripts repre-
be well tolerated for optimal expression of the tetrameric sents a novel example of selective RNA editing in an
channel because they are more likely to be incorporated invertebrate species in addition to being a novel mecha-
into all four subunits. Low-frequency edits, on the other nism for the posttranscriptional modulation of voltage-
hand, do not need to be as well tolerated because the gated ion channels. It is intriguing to speculate that
edited amino acid will on average be incorporated into RNA editing in squid and related taxa may be quite
fewer subunits per tetramer. widespread and regulated in such a way as to modulate
The sqKv2 cDNA encodes an interesting difference the properties of proteins in excitable cells to allow the
from all other known members of the Kv2 subfamily, squid nervous system to adapt to different environmen-
and this position is a potential candidate for an RNA tal conditions.
editing site. sqKv2 encodes an arginine at the beginning
of the S4 segment at amino acid position 489, which Experimental Procedures
extends the S4 motif (Noda et al., 1984). No other re-
ported Kv2 channel sequence encodes a positively Library Screening with a Heterologous Probe
An initial attempt to isolate a squid K1 channel cDNA clone wascharged residue in this position (Figure 7) (Baro et al.,
made by screening an amplified lgt10 random-primed squid (Loligo1994; Chandy and Gutman, 1995; Burger and Ribera,
pealei) optic lobe cDNA library (kindly provided by Dr. Jim Battey,1996), although Kv1 K1 channels do (Chandy and Gut-
NIH). This library was screened at low stringency using a probe
man, 1995). This arginine is encoded by a CGG codon on derived from the rat DRK1 K1 channel (kV2.1) cDNA clone (Frech
the sq33 cDNA. sqKv2genomic sequencesfrom animals et al., 1989). The probe included 450 bp of the 59 untranslated region
as well as the first 1599 bp of coding sequence. The probe wasNo. 1 and 2 encode glutamine at this position with a
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labeled with [32P]dCTP (6000 Ci/mmol, New England Nuclear) by 1992). The 39 UTR from sq7 was removed 81 nucleotides down-
stream from the stop codon and replaced with the Xenopus b-globinrandom-primed synthesis with the Klenow fragment of DNA poly-
merase I (Oligolabeling kit, Pharmacia). 39 UTR derived from plasmid pBSTA (Goldin, 1991).
Recombinant phages were screened by plaque hybridization us-
ing reinforced nitrocellulose filters (Schleicher and Schuell). Hybrid- Removal of 59 UTR
izations were carried out overnight at 378C with 30% formamide, The sq33 59 UTR was replaced with the 59 UTR from the Shaker H4
53 SSPE, 53 Denhardt's solution, 0.1% SDS, 100 mg/ml sheared B-protomer (Heginbotham and MacKinnon, 1992) by ligating the
and denatured salmon sperm DNA, and 2 3 106 cpm/ml labeled sq33 start codon to B-protomer's NcoI site. Because the second
probe. The filters were washed stepwise to a final stringency of codon in sqKv2 is ATG, an NcoI site (CCTAGG) could not be intro-
0.53 SSC, 0.1% SDS at 458C. Nine positive clones were isolated duced without changing the second amino acid in the sequence. To
from about 2.4 3 105 recombinants. The EcoRI inserts were sub- create an NcoI-compatible overhang without changing the second
cloned into the EcoRI site of the Bluescript II KS1 phagemid (Stra- codon, we employed a novel PCRstrategy using a 59 primer (ACGTG
tagene). The deduced amino acid sequence of theseclones revealed TCTCACATGATGCTCCCAGT), which contained a BsmAI restriction
similarity to the amino- and carboxy-termini of a Kv2 K1 channel. site (underlined) preceding the initiating methionine codon such that
However, sequence information corresponding to segments S1 when the PCR fragment was cut with BsmAI (which cuts down-
through part of S4 was missing. stream from its recognition site, leaving a 4 base overhang), an
NcoI-compatible overhang would be generated without changing
the sequence of the next codon.RT±PCR to Confirm Core Sequence
To obtain the missing sequence information, RT±PCR was per-
formed. Poly A1 mRNA was extracted from squid optic lobes and Construction of G2102A Mutation
brain using the Fast-Track mRNA Kit (Invitrogen). Of this RNA, 1.85 The G2102Amutation was constructed by PCR using a mutagenic 39
mg was used as a template for random hexamer and oligo dT±primed primer (CGATCGTGGGTGTCTGTCAAAGAAGTACTCG) containing a
first strand cDNA synthesis using MoMuLV reverse transcriptase PvuI restriction site, which was also present in sqKv2. The 848 bp
(BRL). The subsequent PCR amplification employed primers CATCT PCR productwas digested with BstBI andPvuI. The 663bp fragment
AGAAAAAAGAACATGTATTTG and TTGCCCGCTCGAGTGCCTCC, was isolated by gel purification.The vector was generated by digest-
which were designed based on the sequences from cDNA clones ing sqKv2 to completion with BstBI followed by a partial digest with
corresponding to the amino- and carboxy-terminal portions of a Kv2 PvuI. The 5438 bp fragment was isolated by gel purification and
channel described above. Amplification was performed using Taq ligated to the 663 bp fragment using T4 DNA ligase (New England
DNA polymerase (Promega). The PCR yielded a 909 bp product, Biolabs) to generate sqKv2.
which was digested with XbaI and XhoI and ligated into the pBSII
KS1 (clone XX). Sequence analysis of DNA isolated from six inde- DNA Sequencing and Analysis
pendent colonies confirmed that the PCR product contained the The nucleic acid sequence of each cDNA insert was determined on
missing sequence information. double-stranded DNA templates by the dideoxy chain termination
method (Sanger et al., 1977) using the Sequenase T7 DNA Polymer-
ase Version 2.0 Sequencing Kit (United States Biochemicals). BothLibrary Screening with Squid Probe
strands of the coding region were sequenced for the cDNA clonesTotal RNA was extracted from squid (Loligo pealei) brains and optic
isolated from libraries.lobes by a modification of the Chirgwin et al. (1979) method (Free-
man et al., 1983) and primed with both random hexamers and oligo
dT to make a Zap II cDNA library (library made by Clontech). The Southern Blot
unamplified library was screened at high stringency with two probes. Genomic DNA for the Southern blots was recovered from the super-
Probe 1 was a 567 bp EcoRI±BamHI fragment derived from the natant after the CsCl gradient centrifugation step of the total RNA
cDNA clone corresponding to the carboxy-terminal portion of the extraction described above. Samples (10 mg) of genomic DNA were
channel. Probe 2 was a 355 bp NcoI±EcoRI fragment from clone digested with 120 U of restriction enzyme in the presence of 100
XX corresponding to the amino-terminal portion of the core of the mg/ml bovine serum albumin, 2 mM spermidine, and 100 mg/ml
channel. The labeling and screening procedures were as described RNase A in a final volume of 250 ml at 378C for 3±4 hr. The Southern
above. Hybridizations were carried out at 428C in 50% formamide, blot was performed following a standard procedure (Sambrook,
and final washings were carried out with 0.13 SSC, 0.1% SDS 1989) using nylon Hybond-N1 membranes (Amersham Corp.). Over-
at 688C. night hybridization was performed at 428C in 50% formamide, and
Screening 2.52 3 105 recombinants with probe 1 yielded 18 posi- the final washings were performed in 0.23 SSC, 0.1% SDS at 658C.
tive clones (termed sq1 to sq18), and screening 3.81 3 105 recombi- Membrane stripping was performed by boiling in 0.13 SSC, 0.1%
nants with probe 2 yielded 20 positive clones (termed sq28 to sq48). SDS for 20 min.
The clones were rescued by in vivo excision with the helper phage
R408 (Clontech protocol No. PR51076). Sizes of the cDNA inserts RT±PCR from Individual Animals
were determined by using the ZAP II insert screening amplimers Lologo pealei were obtained at the Marine Biological Laboratory in
procedure (Clontech protocol No. PRX1117). Inserts longer than 1 Woods Hole, MA. Immediately following decapitation, the optic
kb were chosen for restriction mapping and DNA sequencing. lobes were dissected and frozen in liquid nitrogen. mRNA was pre-
sq33 contained an in-frame methionine codon preceded by stop pared from individual optic lobes using the Poly A Tract System
codons in all three reading frames. The reading frame extended to 1000 (Promega). Oligo dT±primed first strand cDNA synthesis was
the end of the insert, which corresponded to an EcoRI restriction carried out using the SuperScript II kit (GIBCO BRL) and z500 ng
site in the middle of the S4 segment. In addition, this start codon 1A mRNA per 20 ml reaction. Genomic DNA was extracted from the
occurs in a favorable context for translation initiation in higher eu- mantel of animal No. 1 and from the optic lobe of animal No. 2
karyotes (Kozak, 1987). sq1, sq7, and sq18 corresponded to the using the Qiamp Tissue Kit (Qiagen). Core exon±specific primers
carboxy-terminal portions of a Kv2 channel, beginning in the middle GAAGCTGTTTGCATTGGATGG (59) and TTGCCCGCTCGAGTGCCT
of the S4 segment. All three of these clones encoded reading frames CC (39) were used for amplification of genomic DNA and three of
that extended beyond the channel core region before encountering the five cDNA amplifications for squid No. 1. Primers GGACTGCAAT
stop codons. ACACATGACGC (59) and GTCTGTCATTGCATCTGAGGG (39), which
likely span several exon±intron boundaries, were used for two of
the cDNA amplifications on squid No. 1 and both amplifications forConstruction of Full-Length Squid K1 Channel
The full-length sqKv2 construct was assembled from 59 clone sq33 squid No. 2. PCR with Taq polymerase was carried out in 13 Taq
Extender reaction buffer (Stratagene), 200 nM each oligo, 200 mMand 39 clone sq7. These clones were joined at their shared EcoRI
restriction site in the S4 segment. The sq33 59 untranslated region dNTP, 2.5 U Amplitaq (Perkin Elmer), 2.5 U Taq Extender (Stra-
tagene), and z1.5 mg genomic DNA or 1 ml of undiluted cDNA in a(UTR) was completely removed (see below) and replaced with the 59
UTR from the Shaker H4 B-protomer (Heginbotham and MacKinnon, 50 ml reaction. PCR with Pfu polymerase was carried out in 13
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native Pfu reaction buffer (Stratagene), 400 nM each oligo, 200 mM Gold, and Josh Rosenthal for critical comments on the manuscript.
We thank Jennifer Matchey for excellent technical assistance. ThisdNTP, 2.5 U native Pfu polymerase (Stratagene), and 1 ml of undi-
luted cDNA in a 50 ml reaction. Following a ªhot startº procedure work was supported by U.S. Public Health Service grants GM30376
and NS07101.(D'Aquila et al., 1991), the reactions were subjected to 35 cycles of
PCR amplification. PCR products generated with the core exon±
specific primers were digested with XhoI, gel purified, and ligated Received July 29, 1997; revised August 15, 1997.
into the Shaker H4 B-protomer (Heginbotham and MacKinnon,
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